This paper presents a simple strut and tie model to calculate the shear strength of reinforced concrete deep beams. The proposed model assumes that the shear strength is the algebraic sum of three strength components: concrete diagonal strut, vertical stirrups, and horizontal web reinforcements. The contribution of each strength components was calibrated with the test results of 305 deep beams compiled from previous studies with wide range of geometrical and material properties. The predictions of the proposed model were compared with those of the current codes of practice (ACI-318-14 and ASHTOO 2014) and those of existing model in the literature. Comparisons revealed that the proposed model provided better predictions than other models. The mean of predicted strength to test of the proposed model, the ACI-318-14 model, the ASHTOO 2014 model were 0.98, 0.79, and 0.75, respectively. The corresponding standard deviations were 0.17, 0.28, and 0.49, respectively.
Introduction
Reinforced concrete deep beams are widely used in construction as load transferring structural members. They are short and deep with a relatively small shear span-effective depth ratio, (a/d), not exceeding 2.5 [1] . For such geometric arrangements, their behavior is different from that of shallow beams. In which, the distribution of longitudinal strains is nonlinear and the concept of Bernoulli's beam theory of "plane section remain plane" is not valid due to shear distortions [1] . Deep beams are normally governed by shear instead of flexure in the existence of sufficient bending reinforcements, where the shear strength is higher than those developed by shallow beams [2] .
Consequently, deep beams are designed against shear either by nonlinear analysis or strut and tie method, and the sectional approach adopted for shallow beams is not appropriate due to the differences illustrated earlier. In the strut and tie method, the applied loads are assumed to be resisted by diagonal compressive struts and tension ties joined together at nodes to form a truss, refer to Figure 1 . This method is usually favored by design engineers owing to its simplicity [3, 4] , and therefore, it has been adopted in the codes of practice [5] [6] [7] not only to design deep beams but also to design other discontinuities such as corbels and pile caps. However, previous studies have indicated that the shear predictions of the current codes with regards to deep beams are usually conservative and widely scattered [4, [8] [9] [10] [11] [12] . Furthermore, designers found these models are difficult to apply due to the iterative procedure and the infinite shape and dimension for struts and ties, leading to various solutions [10, 13] . Although several non-iterative models [8] [9] [10] [11] were proposed to improve the shear strength calculations, these models suffered from lacking of sufficient test database and ignored important test parameters. The use of deep beams in construction is difficult in the absence of a rational design model to calculate their shear strength. Therefore, there is a need to develop a simple design model that accurately predicts the shear strength.
In this paper, an alternative strut and tie model is proposed to calculate the shear strength of normal and high strength deep beams. The proposed model reflects the physical behavior of deep beams subjected to high concentrated loadings by taking into account the effects of governing parameters such as shear span-effective depth ratio, longitudinal and web reinforcement, and material strengths. 
Test Database
A total of 368 test data of simple span reinforced concrete deep beams subjected to concentrated loadings were compiled from previous studies [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] to develop the proposed model. These beams have wide range of test parameters. Various failure modes of reinforced concrete deep beams were observed from pervious experimental investigations including: shear associated with crushing or splitting of diagonal strut, yielding of flexural reinforcements, and bearing at the nodal zones [2, 8, 9, 10] . Since the proposed model is concerned with shear calculations, only the test results of 305 deep beams that described to have failed in shear are included in the database and the rest were left out.
The database is divided into two subsets: deep beams without web reinforcements and deep beams with web reinforcements. A total of 123 deep beams without web reinforcements are used to determine the contribution of diagonal concrete strut and the rest (182 beams) are used to determine the contributions of vertical and horizontal web reinforcements. Details of each subsets of the database are presented in Tables 1  and 2. 3 Mechanism of the Proposed Model Figure 2 shows a typical simple span deep beam subjected to two concentrated loads (Vu), where the latter are applied at a distance (a) from the center of a nearest support. The longitudinal reinforcements (flexural reinforcements) are placed at a distance (d) from the top fiber. The vertical reinforcements (closed stirrups) are placed at a horizontal spacing of Sv, and the horizontal reinforcements (web bars) are placed at a vertical spacing of Sh.
Although various types of diagonal struts were suggested to describe the load transfer mechanism in deep beams [8] , the proposed model has adopted a statically determined compression strut to ease the calculations without losing the accuracy. That is, the applied load, , is assumed to be carried by a diagonal strut force, , to the supports, see Figure 3 (a). Failure is assumed to occur when the strength of diagonal strut is exceeded. Following the equilibrium analysis, the relationship between the applied load and the diagonal strut force can be expressed as follows: The model further assumes that the strength of the diagonal strut, and hence, the shear strength of deep beam incorporates the contributions of three strength components: concrete compressive force of diagonal strut, and the equivalent forces of vertical stirrups and horizontal bars crossing the diagonal strut, and ℎ , respectively (see Figure  3 (b)). Substituting these components into Eq. (1), the shear strength of deep beams is given:
(2) , is the inclination angle of the diagonal strut:
Eq. (3) Where, , is the shear span measured from the center of applied load to the center of the support, is the effective depth of the beam , = − /3 is the lever arm, and is obtained from the conventional bending theory of a singly reinforced concrete section [1] :
. [5] , is the concrete modulus of elasticity, = 4700� ′ [5] , ′ is the cylinder concrete compressive strength, : longitudinal reinforcement ratio.
Contribution of Concrete Compressive Strength,
In the absence of web reinforcements, the applied loads are resisted only by the concrete compressive diagonal struts developed between applied loads and supports, see Figure 3 (a). For deep beams having a sufficient flexural reinforcements, the shear strength is governed by the compressive strength of the diagonal strut. Previous tests on deep beams showed that the diagonal web cracks are propagated in an irregular shape [14, 15, 30, 31] , and therefore, the concrete diagonal strut has been idealized in various forms [32] . This model adopts a prismatic one with a uniform width. Since the situation of deep beams is similar to that of double corbels in terms of loading conformance and failure modes [33, 34] , and in order to reflect the behavior of deep beams failing in shear with sufficient flexural capacity, the width of diagonal strut suggested by Howang et al. [34] is adopted here:
Where is defined in Eq. (4), and is the width of a column or a bearing plate. By assuming the strut is subjected to an axial compressive stresses, the force provided by the diagonal strut can be computed from the product of the effective concrete strength, , and the strut area, . The compressive force developed by the diagonal strut force of a deep beam with a rectangular cross-section can be determined from the following: = = ′ Eq. (6) Where, is the concrete efficiency factor and is the width of a beam. Substituting Eq. (6) into Eq. (2), the shear strength of deep beams with no web reinforcement is given by:
Eq. (7)
Concrete Efficiency Factor
In applying the strut and tie method to design reinforced concrete members, the use of efficiency factor is necessary to allow for the fact that the compressive strength provided by concrete diagonal strut is softer than that obtained from standard cylinder tests. This is attributed to the tensile strain developed parallel and normal to the axis of diagonal strut [2, 35] .
Various efficiency factors were suggested earlier. These factors are varying from a single value [5] [6] [7] to more sophisticated expressions depending on concrete compressive strength [21, 36] , strain condition [37, 38] , the shear spaneffective depth ratio [8] , or the combination of concrete compressive strength and the shear spaneffective depth ratio [11] . Chapter 14 in the current version of the ACI-318-14 [5] has adopted a single value efficiency factors ranging from 0.4 to 1.0, depending on the strut geometry, the presence of transverse reinforcements, and ignoring other important parameters. The ACI model has therefore been criticized to be an arbitrary with no unique solution, leading to conservative strength estimations [4, 12, 13] .
To develop a reliable efficiency factor that reflects the actual behavior, reference is made to tests observations of deep beams with no web reinforcements to examine the effect of geometrical and material properties on the shear strength. It was observed that concrete strength, longitudinal reinforcement, and shear span to effective depth ratio (a/d) have pronounced effect on the shear strength of deep beams [14, 16, 18, 19] . To be precise, the shear strength was observed to decrease with the increase of concrete strength and shear span to effective depth ratio (a/d). Shear strength, however, was observed to increase with the increase of longitudinal reinforcement,
. To comply with the experimental observations, the proposed concrete efficiency factor is given by:
Where, 1 − 8 are empirical coefficients, ∅ is the mechanical properties of the section, ∅ = ′ , and is the yield strength of longitudinal reinforcements.
The Empirical coefficients ( 1 to 8 ) are determined from nonlinear regression analysis conducted using SPSS statistics 22 [39] . They are calibrated with the tests results of 123 reinforced concrete deep beams with no web reinforcements, refer to Table 1 .
The nonlinear regression analysis led to set of 
Contribution of Web Reinforcements, and
In addition to concrete contribution, the equivalent forces of vertical and horizontal reinforcements are important to be considered in the calculations of the shear strength. This is due to the fact that when the capacity of the concrete diagonal strut is reached, the excess of the applied load,
, is assumed to be resisted by the developed equivalent forces of web reinforcements, + ℎ tan = -sin [8, 10] .
In evaluating the contribution of web reinforcements, reference is made to the experimental investigations where strain of vertical stirrups and horizontal bars are measured to indicate the effective vertical stirrups and horizontal bars in resisting the applied loads.
It was observed that vertical stirrups and horizontal bars develop their yield strength only at the center of the shear span, and the tensile stresses were observed to decrease towards the supports and loadings [8, 10, 27] . This indicates that the average tensile stresses developed by vertical stirrups and horizontal bars are below the yield strength. To accurately estimate the contribution of web reinforcements, empirical coefficients are introduced to be calibrated with the test results:
Eq. (10) Where, 1 − 4 are empirical coefficients to be determined from previous test results, is the ratio of vertical stirrups, = , ℎ is the ratio of horizontal bars, = ℎ ℎ , and ℎ are the area of vertical and horizontal reinforcements, respectively. and ℎ are the spacing of vertical and horizontal reinforcements, respectively. is the length of the diagonal strut, = �( ) 2 + 2 .
The Empirical coefficients ( 1 to 4 ) are determined from nonlinear regression analysis conducted using SPSS statistics 22 [39] . These coefficients are calibrated with the test results of 182 tests results of reinforced concrete deep beams with web reinforcements, refer to Table 2 .
The nonlinear regression analysis led to set of 1 = 1.45, 2 = 0.7, 3 = 0.65, and 4 = 0.4. Substituting these values into Eq. (10), the contribution of web reinforcements can be expressed as follows:
Eq. (11) By substituting Eq. (7) and Eq. (11) into Eq.
(2), the shear strength of a deep beam can be expressed as follows:
Eq. (12)
Experimental verifications
The proposed model and the existing models listed in Table 3 are evaluated by comparing their predictions with the test results of 305 deep beams compiled from previous studies. Furthermore, comparisons are made between predictions and test results in terms of controlling parameters: concrete compressive strength, shear span to effective depth ratio, (a/d), vertical stirrups, and horizontal bars, see Figures 5 to 8 . In which, the average of predicted strengths to tests is plotted versus each of the aforementioned parameter together with the perfect fit line to measure the trend of the predictions. Figure 4 presents the comparisons between the test results of the 305 deep beams and the predicted shear strengths using the proposed model and each of the existing models summarized in Table 3 , along with the average and the standard deviation of the predicted strength to test ratio. The mean of the predictions to tests of the proposed model, the ACI model [5] , the ASHTOO model [6] , the Matamoros and Wong model [8] , the Tang and Tan model [9] , the Russo et al. model [10] , and the Arabzadeh et al. model [11] were 0.98, 0.82, 0.76, 0.98, 0.95, 1.34, and 0.66, respectively. The corresponding standard deviations were 0.17, 0.28, 0.49, 0.38, 0.32, 1.27, and 0.33, respectively. The small standard deviation of the proposed model clearly shows the significant enhancement in the accuracy of the predictions as compared with the existing models. It is important to note that, in the evaluation of the ACI model [5] , 58 of the 305 beams used in the comparisons were eliminated because they did not satisfy the code limitations that requires the angle of inclination between the axis of concrete strut and the tie not to be smaller than 25 degrees. Figure 5 compares the performance of the proposed model and the existing models with respect to concrete compressive strength. Seventy three percent of these beams (219 of 305) were cast from normal concrete with compressive strength below 45 MPa. It can be inferred from this figure that the proposed model performed consistently with the concrete compressive strength below 60 MPa and slightly conservative with concrete strength above 60 MPa. The performance of other existing models was inconsistent with the concrete compressive strength. To be specific, the ACI [5] , the ASHTOO [6] , and the Matamoros and Wong models [8] underestimated the shear strength of normal concrete beams and overestimated the shear strengths of high strength beams. The model of Russo et al. [10] slightly underestimated the shear strength of normal strength beams and overestimated of high strength concrete beams. The model of Arabzadeh et al. [11] was conservative and that of Tang and Tan [9] was scattered and unsafe.
(a) Proposed model (b) ACI-318-14 [5] (c) AASHTO LRFD [6] (d) Matamoros and Wong [8] (e) Tang and Tan [9] (f) Russo et al. [10] (g) Arabzadeh et al. [11] (c) AASHTO LRFD [6] (d) Matamoros and Wong [8] (e) Tang and Tan [9] (f) Russo et al. [10] (g) Arabzadeh et al. [11] Figure 5 : Comparisons between the shear strength predictions of the proposed model and the existing models with respects to concrete strength Figure 6 compares the performance of the proposed model and the existing models with respects to the shear span to effective depth ratio, (a/d). Sixty percent the beams used in this study (182 of 305) were tested with (a/d) below 1.5. Figure 6 indicates that, unlike the existing models, the performance of the proposed model was very consistent with (a/d). The ACI model [5] and that of Arabzadeh et al. [11] were conservative. Those of Matamoros and Wong [8] and Russo et al. [10] underestimated the shear strength of beams tested with (a/d) below 1.5 and overestimated the shear strengths of those tested with (a/d) above 1.5. The performance of Tang and Tan's model [9] was scattered and unsafe. Figure 7 compares the performance of the proposed model and the existing models with respect to the presence of vertical stirrups. It is worth mentioning that only beams reinforced with vertical stirrups were included, which sixty five percent of them (119 of 182) had vertical reinforcement ratio below 0.5%. As can be seen that, the proposed model performed consistently with beams having a vertical reinforcement ratio below 1% and slightly overestimated those with vertical reinforcement ratio above 1%. Whereas, all the existing models underestimated the shear strength of deep beams reinforced with vertical stirrups. Figure 8 compares the performance of the proposed model and the existing models with respect to the presence of horizontal web bars. This figure only includes test beams with horizontal web bars, where seventy percent of them (60 of 86) had horizontal reinforcement ratio below 0.5%. It can inferred from Figure 8 that only the proposed model and that of Matamoros and Wong [8] provided consistent predictions, while, the rest were conservative.
(a) Proposed model (b) ACI-318-14 [5] (c) AASHTO LRFD [6] (d) Matamoros and Wong [8] (e) Tang and Tan [9] (f) Russo et al. [10] (g) Arabzadeh et al. [11] Figure 6 : Comparisons between the shear strength predictions and of proposed model and the existing models with respects to shear span-effective depth ratio (a) Proposed model (b) ACI-318-14 [5] (c) AASHTO LRFD [6] (d) Matamoros and Wong [8] (e) Tang and Tan [9] (f) Russo et al. [10] (g) Arabzadeh et al. [11] (c) AASHTO LRFD [6] (d) Matamoros and Wong [8] (e) Tang and Tan [9] (f) Russo et al. [10] (g) Arabzadeh et al. [11] 
